Introduction
============

Annually, more than 2.4 million deaths in the US, 4 million deaths in Europe and northern Asia, and more than a third of deaths in developed nations are caused by coronary artery disease (CAD).[@b1-ijn-14-2451]--[@b4-ijn-14-2451] Acute myocardial infarction (AMI), usually caused by atherosclerosis of coronary artery, is the most severe manifestation of CAD, resulting in high mortality.[@b5-ijn-14-2451] Treatment of AMI is time-critical.[@b6-ijn-14-2451] Early medical and surgical intervention has been widely demonstrated to be able to significantly reduce the myocardial damage and mortality.[@b7-ijn-14-2451] To provide an accurate medical treatment for AMI, a quick diagnosis of AMI during door-to-balloon time is crucially required. According to current consensus, AMI is majorly defined by some physical diagnostic approaches such as electrocardiogram (ECG),[@b8-ijn-14-2451]--[@b10-ijn-14-2451] changes in the motion of the heart wall on imaging, and some well-evaluated cardiac biomarkers,[@b11-ijn-14-2451],[@b12-ijn-14-2451] like cardiac troponin I/T (cTnI/cTnT),[@b13-ijn-14-2451]--[@b17-ijn-14-2451] MB isoenzyme of creatine kinase (CK-MB),[@b18-ijn-14-2451],[@b19-ijn-14-2451] and myoglobin (Myo).[@b20-ijn-14-2451] ECG involves the placement of a series of leads on a person's chest that measure electrical activity associated with the contraction of heart muscle, which has long been used for AMI diagnosis. By measuring ST-T variation or Q-waves, ECG can accurately diagnose AMI. Imaging methods, like chest X-ray, single-photon emission computed tomography/computed tomography scans, and positron emission tomography scans, can also be used for AMI diagnosis.[@b21-ijn-14-2451] Instead of ECG and imaging approaches, some well-evaluated biomarkers are now widely used for AMI diagnosis. These biomarkers include highly specific proteins like cTnI/cTnT, as well as some less-specific biomarkers like CK-MB and Myo. Due to differences in their diagnostic window periods and to improve the accuracy of AMI diagnosis, these biomarkers are often measured simultaneously. Various detection approaches for these AMI biomarkers, such as chemiluminescence immunoassay (CLIA), ELISA, and lateral immunochromatographic assay (LICA), are currently available in most hospitals.[@b22-ijn-14-2451] Among these approaches, CLIA, assisted by fully automated devices, has shown the highest user-friendliness, sensitivity, reliability, and diagnosis efficiency for quantitative measurement. However, limited by the device size and a rigorous demand for running-environment control to ensure a stable working condition, the highly precise equipment can hardly work out of a well-developed laboratory. This results in a lack of effective and reasonable diagnosis of AMI in some less developed areas, which cannot support such precision and expansive instrument, as well as some emergency situations in the wild. As a supplement for CLIA, LICA is widely used under highly unfavorable environments due to its simple operational process. However, most LICA products can only support qualitative purpose instead of quantitative application, because of a significant variation caused by the uncontrollable reaction process that occurs on the nitrocellulose membrane. Therefore, a quantitative detection approach with good portability, high sensitivity, and accuracy under an unfavorable environment is highly essential.

In recent years, Pressure-based Bioassay (PASS) for biomarker detection has been reported.[@b23-ijn-14-2451]--[@b26-ijn-14-2451] Different from traditional detection methods that are based on light, color, electrical activity, magnetic force, heat, or distance, the developed assay transforms molecular signal into pressure signal by enzyme- or catalyst (nanoparticles)-linked immu-nosorbent assay. Furthermore, a similar system was further applied for analysis at the single-cell level,[@b27-ijn-14-2451],[@b28-ijn-14-2451] drug detection, and analysis of disease biomarkers.[@b29-ijn-14-2451] PASS has shown high sensitivity, high reliability, and good portability in the reported works, which can be attributed to pressure sensor that is highly sensitive to pressure variations caused by the immunity assay. However, the developed measuring device is not user-friendly enough and can measure only one sample per time. The measurement between different samples with a short delay may cause unpredictable error. Besides, due to being lack of a strict control of manipulation procedure, the detection result may be affected by operator's experience. Therefore, PASS is still far from being applied in applications that have a rigorous requirement for reliability and controllability like clinical diagnosis, although the technique still has a bright potential.

To solve abovementioned problems, herein, we developed Smartphone-Assisted Pressure-Measuring-Based Diagnosis System (SPDS) for portable and highly sensitive diagnostic applications. SPDS is composed of a pressure measuring device and a smartphone. The size of the pressure measuring device is 115×67×50 mm^3^, small enough to be pocket-portable. The smartphone is connected to the pressure measuring device via Bluetooth, which helps to analyze the data and give an accurate detection and diagnosis result, with the capability of storing more than 105 detection results. To estimate the sensitivity and reliability of the instrument, SPDS was used to measure clinical plasma samples for AMI diagnosis by cTnI/CK-MB/Myo combined examination. The labeling process was first estimated, and matrix effect of biomarkers in different matrix solutions was compared. To minimize the matrix effect for detection accuracy, a commercially available matrix serum was used to replace low-biomarker-concentration plasma for the building of standard curve for each biomarker. Finally, 50 clinical plasma samples were tested and compared with the measuring results obtained by CLIA (Abbott Architect i2000SR). The results showed that the concentration values of three biomarkers in the 50 samples measured by SPDS matched well with those measured by CLIA. The SPDS showed a comparable sensitivity and reliability with CLIA, while with much smaller device size and assisted by smart-phone for data analysis system, allowing applications under highly unfavorable circumstances, including the hospitals in less developed areas and emergency situations in the wild. Moreover, to help to give early medical treatment and surgical intervention for AMI patient, the SPDS shows bright prospect for AMI diagnosis during ambulance delivery time, much earlier than traditional door-to-balloon time, which may have potential to significantly decrease the damage caused by AMI in the patients.

Materials and methods
=====================

Chemicals and materials
-----------------------

The antibodies for three biomarkers and matrix serum were supplied by Xiamen Passtech Co., Ltd. H~2~PtCl~6~, Tween-20, and casein-Na were obtained from Sigma-Aldrich Co. Magnetic beads were obtained from Thermo Fisher Scientific. Other inorganic salts were obtained from Sinopharm Chemical Reagent Co., Ltd.

Synthesis of Pt nanoparticles (PtNPs)
-------------------------------------

To prepare PtNPs, 1 mL of 0.1 M H~2~PtCl~6~ solution and 96.9 mL of ultrapure water were added into a round-bottom flask. The solution was heated to 80°C with magnetic stirring at the rate of 700 rpm. About 2.1 mL of 1.4 M ascorbic acid was then added. The mixture was kept at 80°C for 30 minutes. The obtained PtNPs solution was stored in a conical flask at room temperature.

The optimization of H~2~O~2~ concentration
------------------------------------------

To optimize the concentration of H~2~O~2~, 1 μL of synthesized PtNP solution was added into 50 μL of 10 mM hosphate buffered saline with 1% Twen-20 (PBST, pH 7.0) in an eight-well strip, followed by mixing with pipette tip blowing. About 50 μL of H~2~O~2~ at different concentrations (30%, 15%, 7.5%, and 3.75%) was then added and mixed. The strip was placed into the pressure reading device for the real-time monitoring of pressure variation. The results were compared to choose the best H~2~O~2~ concentration.

Antibody labeling on PtNPs
--------------------------

Five hundred microliters of PtNP solution was centrifuged at 13,000 rpm for 10 minutes to remove the supernatant and resuspended with 500 μL of 1 mM morpholinoethanesulfonic acid (MES) buffer (pH 7.0). For cTnI assay, 100 μL of labeling antibody solution (120 μg/mL diluted in ultrapure water) was added into the resuspended PtNPs solution, followed by a short mixing for 40 seconds to ensure uniform absorption of antibody molecules on the PtNPs surface, followed by 10-minute incubation at room temperature to increase the absorption efficiency. The mixture was then added to 500 μL of blocking buffer (0.25% casein in 100 mM Na~2~CO~3~-NaHCO~3~ buffer with 0.25% Tween-20, 5% sucrose, pH 9.0) and kept for 2 hours at room temperature, followed by centrifugation at 5,000 rpm for 5 minutes to remove the supernatant. The recovered nanoparticles were finally resuspended in 10 mM citrate buffer (pH 7.0) and stored at 4°C. For CK-MB and Myo assay, 110 μL of labeling antibody solution (with 50 μg/mL and 10 μg/mL labeling antibody for each biomarker, respectively) was used and the recovered nanoparticles were stored in 0.1 M PBS (pH 7.4). The labeling process for cTnI was similar to the abovementioned procedure.

Evaluation of the effect of antibody labeling on PtNP catalysis efficiency
--------------------------------------------------------------------------

To evaluate the influence of antibody labeling process on PtNP catalysis efficiency, 1 μL of PtNP solution with three antibody-labeled biomarkers was added into 50 μL of 10 mM PBST (pH 7.0) in an eight-well strip, followed by a short mixing. About 50 μL of 30% H~2~O~2~ solution was then added and mixed several times by blowing with a pipette tip. Then the strip was placed into the pressure measuring device at 37°C for 5 minutes to measure the pressure value. As a comparison, 1 μL of synthesized PtNP solution was used following the same steps. The obtained pressure values were compared to evaluate the variation in catalysis efficiency. Each point was measured three times to obtain an average value.

To demonstrate that the antibody molecules have bound onto the PtNP surface, PtNP solution before and after labeling was diluted with ultrapure water by 50 times, respectively, and zeta-average diameter and zeta-potential were measured using a dynamic light scattering device (Zetasizer Nano ZS90, Malvern, Worcestershire, United Kingdom). The obtained zeta-average diameter and potential for PtNPs before and after labeling were compared.

Coating of magnetic beads with capture antibody
-----------------------------------------------

Dynabeads M280 Tosylactivated (165 μL, 30 mg/mL) was washed three times with 0.1 M PBS buffer (pH 7.4). About 20 μL of capture antibodies (cTnI 7.5 mg/mL, CK-MB 5 mg/mL, and Myo 5 mg/mL), 150 μL of 0.1 M PBS (pH 7.4), and 100 μL of 3 M ammonium sulfate were added and incubated for 16 hours at 37°C. After removing the supernatant, 1 mL of 0.01 M PBS with 0.5% BSA was added to block the leftover binding sites on the beads for 1 hour at 37°C. The magnetic beads were resuspended in 250 μL of PBS with 0.1% BSA and washed three times to achieve a final beads concentration of 20 mg/mL. The obtained beads solution was stored at 4°C for further use.

Matrix effect evaluation
------------------------

To evaluate the matrix effect on plasma sample detection, samples with gradient concentrations of cTnI (0, 0.1, 1, 5, 10, 25, and 50 ng/mL) antigen diluted in 10 mM PBS buffer, commercial serum matrix, and a mix of negative clinical samples (concentration of cTnI \<0.01 ng/mL, measured by CLIA), were measured by the developed SPDS which included the following steps:

1.  Hundred microliters of samples with different concentrations of cTnI in different matrix solutions was mixed with 20 μL of capture antibody-modified magnetic beads (1 mg/mL, diluted by reagent diluent) for 5 minutes to let the antigen molecules in the sample to be captured by the antibody on magnetic beads.

2.  The beads were washed three times following the steps of magnetic beads gathering by a permanent magnet for 30 seconds, resuspension in 200 μL of washing buffer (10 mM PBST), and shaking for 30 seconds.

3.  The washing buffer was then replaced with 50 μL of antibody-labeled PtNP (diluted 2.5 times with 10 mM PBST) solution, incubated for 5 minutes, and was followed by washing for another three times to remove free antibody-labeled PtNP.

4.  Hundred microliters of H~2~O~2~ was then added into the well to allow O~2~ molecule generation for 5 minutes. The eight-well strip was placed into a pressure reader to collect the detection result.

The obtained measurement result was finally analyzed and compared. The best matrix for standard substance dilution for standard curve building was chosen considering the balance between acceptable matrix effect and acquiring convenience.

For the matrix effect evaluation of CK-MB and Myo assays, the same approach was used, except that the negative clinical serum sample for CK-MB was \<0.5 mg/mL and for Myo was \<1 mg/mL.

Each point was measured three times, and the average values and SD were calculated.

Standard curve building for cTnI immunoassay
--------------------------------------------

1.  Hundred microliters of sample with a series of cTnI concentrations (0, 0.01, 0.1, 1.0, 5.0, 10.0, 15.0, 20.0, 25.0, and 50.0 ng/mL) in different matrix solutions was mixed with 50 μL of capture antibody-modified magnetic beads (1 mg/mL, diluted by reagent diluent) for 5 minutes to let the antigen molecules in the sample be captured by the antibody on magnetic beads.

2.  The beads were repeatedly washed three times with the steps of magnetic beads gathering by a permanent magnet for 30 seconds, resuspension with 200 μL of washing buffer (10 mM PBST), and shaking for 30 seconds.

3.  The washing buffer was replaced with 50 μL of antibody-labeled PtNP (diluted 2.5 times with 10 mM PBST) solution, allowing for 5 minutes of incubation, and then followed by washing with 200 μL of washing buffer (10 mM PBST) for another three times to remove free PtNPs.

4.  Hundred microliters of H~2~O~2~ was then added into the well to allow O~2~ molecule generation for 5 minutes. The eight-well strip was immediately placed on a pressure measuring device to collect detection result.

5.  Each concentration measurement was repeated for three times, and the average values and SDs were calculated.

Standard curve building for CK-MB immunoassay
---------------------------------------------

1.  Hundred microliters of samples with different concentrations of CK-MB (0, 0.41, 1.23, 3.69, 11.1, 33.3, 100, and 300 ng/mL) in different matrix solutions was mixed with 50 μL of capture antibody-modified magnetic beads (1 mg/mL, diluted by reagent diluent) for 5 minutes to let the antigen molecules in the sample to be captured by the antibody on magnetic beads.

2.  The beads were repeatedly washed three times with steps of magnetic beads gathering by a permanent magnet for 30 seconds, followed by resuspension with 250 μL of washing buffer (10 mM PBST) and shaking for 30 seconds.

3.  The washing buffer was replaced with 50 μL of antibody-labeled PtNP (diluted 2.5 times with 10 mM PBST) solution, incubated for 5 minutes, and was followed by washing for another three times to remove free antibody-labeled PtNP.

4.  Hundred microliters of H~2~O~2~ was then added into the well to allow O~2~ molecule generation for 5 minutes. The eight-well strip was placed on a pressure measuring device to collect detection result.

5.  Each concentration measurement was repeated for three times, and the average values and SDs were calculated.

Standard curve building for Myo immunoassay
-------------------------------------------

1.  Twenty microliters of samples with different concentrations of Myo (0, 15.7, 31.3, 62.5, 125, 250, 500, and 1,000 ng/mL) in different matrix solutions was mixed with 50 μL of capture antibody-modified magnetic beads (1 mg/mL, diluted by reagent diluent) in the well of an eight-well strip for 5 minutes to let the antigen molecules in the sample to be captured by the antibody on magnetic beads.

2.  The beads were repeatedly washed three times with steps of magnetic beads gathering by a permanent magnet for 30 seconds, followed by resuspension with 250 μL washing buffer (10 mM PBST) and shaking for 30 seconds.

3.  The washing buffer was replaced with 50 μL of antibody-labeled PtNP (diluted by 2.5 times with 10 mM PBST) solution, incubated for 5 minutes, which was followed by washing for another three times to remove free antibody-labeled PtNP.

4.  Hundred microliters of H~2~O~2~ was then added into the well to allow O~2~ molecule generation for 5 minutes. The eight-well strip was placed on a pressure measuring device to collect detection result.

5.  Each concentration measurement was repeated for three times, and the average values and SDs were calculated.

Determining the limit of detection (LOD) of a biomarker
-------------------------------------------------------

The pressure variation value of each biomarker was found to be linear to the biomarker concentration. The LOD for each biomarker was determined as follows: $$\text{LOD} = 2\text{sd}_{0}/\text{slope},$$where sd~0~ is the SD of blank samples and slope is obtained by linear regression for pressure variation to different biomarker concentrations at low level.

Specificity evaluation of SPDS for three biomarkers
---------------------------------------------------

To investigate the specificity of SPDS for three biomarkers, some common proteins found in serum, including thrombin (Thr), hemoglobin (Hb), human serum albumin (HSA), immunoglobulin G (IgG), and a common inflammation bio-marker C-reactive protein (CRP), were used as the negative controls. The concentration of each negative control protein was 1 mg/mL diluted in serum matrix, and the concentrations of the three biomarkers (cTnI, CK-MB, Myo) were 10 ng/mL, 100 ng/mL, and 250 ng/mL, respectively, which acted as the positive controls. The same assay procedure and reagents for three biomarkers were used to test these negative control proteins samples to measure the pressure variation value after immune assay. Three runs were taken for each protein test and average value and SD were calculated.

Detection of clinical plasma samples
------------------------------------

The concentration of three biomarkers, cTnI, CK-MB, and Myo, in 50 clinical plasma samples was measured with SPDS following the same measuring procedure as standard curve building for each biomarker respectively. The obtained results were compared with CLIA (ARCHITECT i2000SR). Each point was measured three times, and the average values and SD were calculated.

Results of Bland--Altman analysis of clinical plasma samples
------------------------------------------------------------

The Bland--Altman analysis of clinical samples comparing the results of SPDS with the CLIA method was performed by using SPSS software. Briefly, for the results obtained from SPDS (V~spds~) and CLIA (V~clia~) methods for 50 clinical samples, variables were calculated as follows: mMean $$\begin{matrix}
{\text{Diff}_{i} = V_{\text{spds,i}} - V_{\text{clia,I}}} \\
{\text{mMean}_{i} = \left( {V_{\text{spds,i}} - V_{\text{clia,i}}} \right)/2} \\
{i = 1,2,3,\ldots 50} \\
\end{matrix}$$

Then, the average value (mean) and SD of Diff~i~ were calculated by the software, and the reference lines of 95% CI were obtained as follows: $$\begin{array}{l}
{Y_{\text{up}} = \text{Mean} + 1.96*\text{SD}} \\
{Y_{\text{down}} = \text{Mean} + 1.96*\text{SD}} \\
\end{array}$$

Finally, a scatter diagram was build using mMean~i~ as x-axis and Diff~i~ as y-axis. Mean reference line and 95% CI reference lines were added on the scatter diagram to generate Bland--Altman diagram.

Manipulation process of SPDS
----------------------------

The eight-well strip with H~2~O~2~ and PtNPs-bound magnetic beads after immunoassay was covered with a sealing rubber pad to seal the wells and put inside the adaptor to deliver into pressure measuring device. The screw valve then moved the pressure sensor module down to press onto the rubber pad, fully sealing the gap between pressure sensor module and rubber pad. Afterward, the start button was pressed to start the measurement of pressure.

Results and discussion
======================

Principle of SPDS
-----------------

SPDS comprises a pressure measuring device ([Figure 1A and C](#f1-ijn-14-2451){ref-type="fig"}) for data collection and transporting pressure data to a smartphone ([Figure 1A](#f1-ijn-14-2451){ref-type="fig"}), and a smartphone for data analysis, storage, and output. The structure profile of developed pressure measuring device is shown in [Figure 1B](#f1-ijn-14-2451){ref-type="fig"}. The major parts of the device include a screw valve to seal the eight-well strip, eight integrated pressure sensors to measure pressure value of each well, a rubber pad for gas sealing, and an adaptor for loading of the strip into the device. The schematic of SPDS working procedure is shown in [Figure 1A](#f1-ijn-14-2451){ref-type="fig"}. To measure the biomarker concentration with SPDS, the sample is first incubated with magnetic beads, which is coated with capture antibody molecules, in a well of an eight-well strip to capture biomarker molecules onto beads surface. After a washing step to remove the sample remnant to avoid non-specific absorption, PtNPs modified with labeling antibody are added into the well to label the biomarkers, generating an antibody-antigen-antibody sandwich structure. After another washing step to remove free labeling PtNPs, H~2~O~2~ substrate is added and catalyzed by PtNPs. Then, the strip is immediately placed in a pressure measuring device and sealed with screw valve. A large amount of O~2~ gas is produced causing significant pressure variation in the wells, which is measured by the pressure sensor and transmitted to a smartphone via Bluetooth. The pressure variation value is finally analyzed by the smartphone and transformed into biomarker concentration value with a previously fed standard curve input pattern. Compared to traditional biomarker detection approaches such as light, heat, magnetic force, etc., SPDS transforms biomarker molecule signal into pressure signal, thus avoiding the inevitable environmental effects caused by light, heat, and magnetic field. Furthermore, by measuring the pressure variation value after and before catalyzation process, instead of only the absolute pressure value after catalyzation, SPDS eliminates the possible error caused by the atmospheric pressure changes due to altitude variation or changes in weather. By using a simple but highly precise integrated pressure sensor, SPDS significantly decreases the device size for highly sensitive monitoring and allows for highly accurate biomarker detection under robust environments. Furthermore, assisted by a smartphone via Bluetooth, SPDS is able to deal with complicated data analysis contributed by the strong computing power of smartphone,[@b30-ijn-14-2451],[@b31-ijn-14-2451] which helps expand the application field of SPDS to a larger extent, such as POCT for emergency, bacterial detection in external environments such as POCT for emergency and bacteria detection out of field.

Optimization of H~2~O~2~ concentration
--------------------------------------

As the substrate of PtNPs, the concentration of H~2~O~2~ may significantly affect the catalytic efficiency leading to a change in sensitivity. To optimize the catalytic efficiency, firstly we optimized the H~2~O~2~ concentration. The result is shown in [Figure S1](#SD1-ijn-14-2451){ref-type="supplementary-material"}; when the concentration of H~2~O~2~ decreased, the catalytic efficiency of PtNPs also decreased. The measured pressure variation value for 30% H~2~O~2~ was almost ten times the value obtained by 3.75% H~2~O~2~. To obtain the highest detection sensitivity for biomarkers, 30% H~2~O~2~ was chosen for further pressure measuring assays.

Effect of antibody labeling on PtNPs catalysis efficiency
---------------------------------------------------------

As shown in [Figure 2A and B](#f2-ijn-14-2451){ref-type="fig"}, the zeta-average diameter increased to 207.3 nm for cTnI (for profile, see [Figure S2B](#SD2-ijn-14-2451){ref-type="supplementary-material"}), 215.2 nm for CK-MB (for profile, see [Figure S2C](#SD2-ijn-14-2451){ref-type="supplementary-material"}), and 188.3 nm for Myo (for profile, see [Figure S2D](#SD2-ijn-14-2451){ref-type="supplementary-material"}) from 126.2 nm before labeling (for profile, see [Figure S2A](#SD2-ijn-14-2451){ref-type="supplementary-material"}). The zeta-potential changed from −27.6 mV to −41.9 mV for cTnI, −40.0 mV for CK-MB, and −38.6 mV for Myo. The increase in zeta-average diameter suggests binding of antibody molecules and blocking by protein molecules (casein) onto the PtNP surface. The negative variation of zeta-potential can be attributed to the fact that casein (iso-electric point \~4.8) and antibodies (isoelectric point \~6.8) are negatively charged in pure water (pH\~7.0).

To evaluate the influence of labeling process on PtNPs catalysis function, the catalysis efficiency of PtNPs before and after labeling with different biomarker antibodies was compared. The result is shown in [Figure 2C](#f2-ijn-14-2451){ref-type="fig"}. The catalysis efficiency of PtNPs labeled with cTnI, CK-MB, and Myo antibodies was found to significantly decrease by 86.9%, 83.6%, and 83.4% after labeling, which was speculated to be caused by the occupation of the catalytic site by antibody molecules, surface charge variation of PtNPs, and a decrease of specific surface area.

Evaluation of matrix effect
---------------------------

Compared with buffer solution, plasma contains much more complex compounds, which include a large amount of proteins, polysaccharides, ions, and even cells.[@b32-ijn-14-2451] The measurement of biomarker molecules in plasma is usually different from that obtained from buffer, due to an unpredictable non-specific absorption and molecular conformation variation under different environments. To minimize the measuring error caused by this kind of matrix effect, a gradient concentration of biomarker molecules was added into two different matrixes, including 10 mM PBS buffer and commercially available serum matrix. As the control group, a mixture of ten clinically determined low-level plasma samples (cTnI \<0.01 ng/mL, CK-MB \<0.5 ng/mL, and Myo \<1 mg/mL) was used. The measuring results of three biomarkers in different matrixes were compared to choose the one showing the smallest matrix effect. As shown in [Figure 3A--C](#f3-ijn-14-2451){ref-type="fig"}, the cTnI added in serum matrix and plasma mixture showed similar concentration--pressure response, while much higher pressure response was observed in buffer samples. CK-MB added in serum matrix also showed the same result with low-level plasma samples, while the response of sample with CK-MB added in buffer was lower than the one added in matrix. However, no difference was found in three kinds of matrix analysis for Myo detection. This result was inferred to be caused by the contents, such as proteins, ions, or organic molecules, in serum matrix and plasma. These molecules may compete with antigen or lead to a non-specific absorption to magnetic beads and PtNP surface to decrease antibody-antigen binding efficiency, thus resulting in a lower measuring value (similar to what happened in CK-MB assay). On the other hand, some conditions, like pH and different types of ions or ion strength in serum matrix and plasma, might increase the antibody binding efficiency, causing a higher measuring result (similar to what happened in cTnI assay). However, when the biomarker molecule was stable enough and was rarely affected by the solution environment, there will be no significant difference in the results obtained from different types of matrix (similar to what happened in Myo assay). To minimize the measuring error caused by matrix effect, commercial serum matrix was chosen to dilute the biomarkers to build standard curve for further applications.

Standard curves of three AMI biomarkers
---------------------------------------

Serum matrix solution added with different concentrations of cTnI, CK-MB, or Myo was evaluated with the developed assay as the steps described in the Materials and methods section. The resulting standard curves for three biomarkers are shown in [Figure 3D--F](#f3-ijn-14-2451){ref-type="fig"}. The pressure value for cTnI showed a good linear relationship with antigen concentration in the range from 0 to 25 ng/mL ([Figure S3A](#SD3-ijn-14-2451){ref-type="supplementary-material"}), with a LOD of 0.014 ng/mL, consistent with the sensitivity of currently available cTnI diagnosis approaches.[@b22-ijn-14-2451] The increasing tendency of pressure variation value declining when cTnI concentration was further increased after 20 ng/mL, which was mainly caused by the saturation of antibody binding sites on the magnetic beads. The linear range for pressure response value to CK-MB concentration and Myo concentration was found to be 0--33 ng/mL ([Figure S3B](#SD3-ijn-14-2451){ref-type="supplementary-material"}) and 0--250 ng/mL ([Figure S3C](#SD3-ijn-14-2451){ref-type="supplementary-material"}), with LOD of 0.16 ng/mL and 0.85 ng/mL, respectively, and the decrease of pressure variation value in the same slope was found when biomarker concentration increased higher than about 75 ng/mL and 400 ng/mL for CK-MB and Myo, respectively. All the coefficient values of variation for each concentration of the three biomarkers were determined to be smaller than 10%, demonstrating a good repeatability of SPDS.

To increase the quantitative accuracy, logistic regression with four variants was used to build a standard curve formula. The logistic regression formula is given by formula 1 as follows: $$\Delta P = \frac{A_{1} - A_{2}}{1 + \left( \frac{c}{c_{0}} \right)} + A_{2}$$

In formula 1, *A*~1~, *A*~2~, *c*~0~, and *n* are parameters obtained by logistic fitting, Δ*P* is pressure variation value obtained by pressure measuring device, and *c* is biomarker concentration in samples.

The values for four variants were fitted by Origin software, and the fitting results for cTnI, CK-MB, and Myo are given by formula 2, formula 3, and formula 4, respectively: $$\begin{array}{l}
{\Delta P = \frac{- 2,143.61}{1 + \left( \frac{c}{34.35} \right)^{1.24}} + 2,155.14} \\
{\Delta P = \frac{- 796.08}{1 + \left( \frac{c}{69.98} \right)^{1.10}} + 822.63} \\
{\Delta P = \frac{- 573.22}{1 + \left( \frac{c}{329.65} \right)^{1.33}} + 556.09} \\
\end{array}$$

The fitting results were transferred into the smartphone App for further sample detection and data calculation to translate pressure signal into concentration value.

According to the built standard curves, SPDS had shown a higher sensitivity and accuracy (with CV% smaller than 10% for different biomarker concentrations) than most POCT products like LICA (LOD equals about 0.1 ng/mL for cTnI, CV \<15%) and comparable detection performance with CLIA (LOD equals about 0.02 ng/mL for cTnI, CV \<15%). However, with much smaller device size and being more user-friendly, SPDS could be applied under highly unfavorable conditions, rather than CLIA.

Specificity evaluation of SPDS for three biomarkers
---------------------------------------------------

To investigate the specificity of SPDS for three biomarkers, some common proteins found in serum, including Thr, Hb, HSA, IgG, and a common inflammation biomarker CRP, were used as the negative controls. The results shown in [Figure 3G--I](#f3-ijn-14-2451){ref-type="fig"} indicate that the developed assays for three biomarkers had high specificity to these proteins commonly found in human blood. The results demonstrated that SPDS and developed reagents were highly specific to their bio-markers and were rarely affected by the common proteins present in real blood samples, which we consider is majorly contributed by high specificity of the chosen antibodies and well-developed nanoparticle coating procedure.

Clinical sample detection
-------------------------

To estimate the performance of SPDS, 50 clinical samples, whose concentrations of cTnI, CK-MB, and Myo had been measured by CLIA, were tested by SPDS. The results of comparison are shown in [Figure 4A, C, and E](#f4-ijn-14-2451){ref-type="fig"}. The linear slopes of comparison for cTnI, CK-MB, and Myo were fitted as 1.049 (*R*^2^=0.9852), 0.9545 (*R*^2^=0.9852), and 0.998 (*R*^2^=0.9908), which demonstrated an excellent match between two different assays. To further analyze the correlation between the results of CLIA and SPDS, Bland--Altman analysis was performed.[@b33-ijn-14-2451] As shown in [Figure 4B, D, and F](#f4-ijn-14-2451){ref-type="fig"}, almost all of the compared samples were in the range of 95% CI, suggesting a good correlation between the developed assay and CLIA. Only 4/50, 3/50, and 1/50 samples for cTnI, CK-MB, and Myo were out of 95% CI range, which might be caused by biomarker proteolysis during sample storage.

The clinical sample detection result demonstrated that SPDS rivaled CLIA in the detection performance for three biomarkers of AMI, and it has strong potential for clinical applications that need high sensitivity and accuracy instead of CLIA where a huge automatic device cannot be supported.

Conclusion
==========

In summary, to satisfy the demand for a portable system with high detection sensitivity and accuracy for the applications of diagnosis under unfavorable environments and detection in wild situations, we developed SPDS to solve the problem that the currently available approaches or devices are facing. The catalytic efficiency was firstly optimized and matrix effect was minimized by using commercially available serum matrix, instead of buffer, to dilute bio-marker molecules to build the standard curve. The detection performance and system reliability of SPDS were finally verified by comparing the measuring results for the three biomarkers of 50 clinical plasma samples obtained by SPDS and CLIA. Furthermore, though a small device, while not losing any sensitivity and accuracy, SPDS showed a good potential for POCT application and diagnosis under emergency, bacteria detection out of field, and poison detection at the military front.

Compared with the results reported for PASS, SPDS showed much better user-friendliness and reliability due to its integrated pressure measuring device, optimized pressure variation value measuring method, and the support of smart-phone for data manipulation. SPDS can also measure eight samples simultaneously, which could significantly decrease the error caused by the tedious and unfriendly manipulation of the device in PASS which involves measuring the sample on one-by-one basis. SPDS has shown a bright prospect in clinical application.

However, we also have to admit that SPDS is still a half-automated system for AMI diagnosis and the manipulation for immune assay is still complicated. In the future work, we would convert the device into a totally automated system for POCT. Besides, we would attempt to further optimize PtNPs modification protocol to minimize the effect of modification on nanoparticle catalytic efficiency and further improve the sensitivity of SPDS.

Supplementary materials
=======================

###### 

Optimization result of H~2~O~2~ concentration.

###### 

The nanoparticle zeta-average diameter profile of PtNPs before labeling (**A**) and after labeling for cTnI (**B**), CK-MB (**C**), and Myo (**D**).

**Abbreviations:** PtNPs, platinum nanoparticles; cTnI, cardiac troponin I; CK-MB, MB isoenzyme of creatine kinase; Myo, myoglobin.

###### 

Linearly fitting results for cTnI (**A**), CK-MB (**B**), and Myo (**C**) under low concentrations.

**Abbreviations:** cTnI, cardiac troponin I; CK-MB, MB isoenzyme of creatine kinase; Myo, myoglobin.
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![(**A**) Schematic of SPDS. (**B**) The structure profile of pressure measuring device. (**C**) The images of developed pressure measuring device.\
**Abbreviations:** SPDS, Smartphone-Assisted Pressure-Measuring-Based Diagnosis System; PtNPs, platinum nanoparticles; AMI, acute myocardial infarction.](ijn-14-2451Fig1){#f1-ijn-14-2451}

![(**A**) The variation of Z-potential of PtNPs before and after labeling with different antibodies. (**B**) The variation of Z-average diameter of PtNPs before and after labeling with different antibodies. (**C**) Evaluation of the effect of antibody labeling on PtNPs catalytic efficiency.\
**Abbreviations:** cTnI, cardiac troponin I; CK-MB, MB isoenzyme of creatine kinase; Myo, myoglobin; PtNPs, platinum nanoparticles.](ijn-14-2451Fig2){#f2-ijn-14-2451}

![Matrix effect evaluation for (**A**) cTnI, (**B**) CK-MB, and (**C**) Myo, standard curve for (**D**) cTnI, (**E**) CK-MB, and (**F**) Myo detection, and specificity evaluation result for (**G**) cTnI, (**H**) CK-MB, and (**I**) Myo.\
**Abbreviations:** cTnI, cardiac troponin I; CK-MB, MB isoenzyme of creatine kinase; Myo, myoglobin; Thr, thrombin; Hb, hemoglobin; HSA, human serum albumin; IgG, immunoglobulin G; CRP, C-reactive protein.](ijn-14-2451Fig3){#f3-ijn-14-2451}

![Measuring result comparison between SPDS and CLIA: (**A**) correlation analysis for cTnI; (**B**) Bland--Altman analysis for cTnI detection; (**C**) correlation analysis for CK-MB; (**D**) Bland--Altman analysis for CK-MB detection; (**E**) correlation analysis for Myo; (**F**) Bland--Altman analysis for Myo detection.\
**Abbreviations:** SPDS, Smartphone-Assisted Pressure-Measuring-Based Diagnosis System; CLIA, chemiluminescence immunoassay; cTnI, cardiac troponin I; CK-MB, MB isoenzyme of creatine kinase; Myo, myoglobin.](ijn-14-2451Fig4){#f4-ijn-14-2451}
